It is unclear what level of moderate to vigorous intensity physical activity (MVPA) offsets the health
P
hysical activity has established protective effects on health, and its potential benefits span across the prevention, management, and treatment of cardiovascular disease (CVD) (1) .
Sedentary behavior (SB) represents the lowest end of the physical activity spectrum and is commonly defined as a low energy expenditure of <1.5 metabolic equivalents (MET) in a sitting or reclining posture during waking hours (2) . The links among SB, mortality, and cardiovascular disease are not always well understood (3, 4) . For example, a meta-analysis of 9 prospective studies reported a nonlinear association between sitting time and CVD events with increased risk appearing at >10 h of sitting/day when physical activity was taken into account (5) . A large individual participant pooled analysis that examined the joint associations of sitting and physical activity (6) found that the association between sitting and all-cause and CVD mortality risk was gradually attenuated with increased physical activity, to the point that it was effectively nullified at amounts equivalent to >60 to 75 min of moderate-intensity physical activity a day.
Neither of these studies considered that a 24-h day is finite, and an increase in any type of physical activity or SB would displace another activity or sleep.
Evidence-based guidelines are the cornerstone of public health and clinical practice (7) . Understanding the joint associations and the health-enhancing potential of various physical activity alternatives to sitting is important for the development of such guidelines. Due to the absence of such evidence, SB guidelines are currently nonspecific and are not always evidence-based (4, 8) . Considering the paucity of randomized controlled trials with mortality and other hard endpoints in the broader field of physical activity research (9) , well-designed observational longitudinal studies provide the best available evidence for public health guidelines development (4) . The recent 2018
U.S. Physical Activity Guidelines Advisory Committee
Scientific Report identified the paucity of prospective studies on the interactive effects of physical activity and sedentary behavior on all-cause and CVD mortality as a major evidence gap (10,11).
The main aim of this study was to examine the joint associations of sitting and physical activity with allcause and CVD mortality in a large population sample of middle-age and older Australian adults. An extension of this aim was to examine the associations between sitting and mortality separately in each physical activity stratum. The secondary aim was to estimate the theoretical effects of replacing sitting with standing, physical activity, and sleep on mortality risk. EXPOSURE VARIABLES. The sitting, standing, and sleeping variables were assessed using the question "About how many hours in each 24-h day do you usually spend doing the following?" (13, 14) . The responses to these questions were recorded as h/day. Stamatakis et al.
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Sitting, Physical Activity, and Mortality Risk 2063 psychological distress (Kessler 10 scale [18] ), servings of fruit and vegetables per day (19), and previous physician diagnoses of diabetes mellitus. DATA HANDLING. A detailed account of data cleaning, handling, and preparatory statistical testing procedures is described elsewhere (Additional File 1 in Stamatakis et al. [14] ). In summary, we used mul- Sitting, Physical Activity, and Mortality Risk A P R I L 3 0 , 2 0 1 9 : 2 0 6 2 -7 2 MPA. Missing covariates data ranged from 0.4% (employment status) to 6.5% (BMI). For the core analyses, we adopted a missing indicator approach for all categorical covariates, which involved creating a dummy category to denote missingness. We also ran Cox models of sitting and mortality within each physical activity stratum in a similar fashion to the recent pooled analysis (22) . Values are n (%). *2,384 participants had missing sitting time data.
BMI ¼ body mass index.
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Sitting, Physical Activity, and Mortality Risk 2065 consumption information, the core analytic sample size was 149,077. The median follow-up for all-cause mortality was 8.9 years, corresponding to 1,355,574
person-years and 8,689 deaths, and for CVD mortality was 7.4 years, corresponding to 1,144,279 personyears and 1,644 deaths. Table 1 presents the characteristics of the core analytic sample by sitting times.
Online Table 1 Online Table 2 Multivariable-adjusted analysis; n ¼ 149,077, n events ¼ 8,689. Adjusted for age, sex, education, marital status, remoteness, body mass index, smoking, self-rated health, help for disability, psychological distress, fruit and vegetable consumption, and diabetes. CI ¼ confidence interval.
Stamatakis et al. and strata of MVPA (Online Figures 8 and 9 ). 
Multivariable-adjusted analysis n ¼ 149,077, n events ¼ 1,644. Adjusted for age, sex, education, marital status, remoteness, body mass index, smoking, self-rated health, help for disability, psychological distress, fruit and vegetable consumption, and diabetes. CI ¼ confidence interval.
Sitting, Physical Activity, and Mortality Risk 2067 high sitters; for example, the HR per substituted hour of sitting for walking was 0.78 (95% CI: 0.70 to 0.87).
There was little evidence for replacement effects of sitting with sleeping on ACM mortality among low sleepers (#7 h/day); in contrast, there were relatively large increases in ACM risk (7% to 14%/h) when sitting was replaced with sleeping in high sleepers (>7 h/ day).
Each additional hour of daily sitting was associated with increased CVD death risk among high sitters only (HR: 1.07; 95% CI: 1.03 to 1.12) ( Table 3) Tables 15 to 19) .
DISCUSSION
This is the first study on sitting and mortality risk to use a comprehensive analytic approach involving joint MVPA-sitting effects, stratification by MVPA, and replacement effects. We found that higher sitting times were associated with higher ACM and CVD mortality risk, but these associations were in most cases restricted to those not meeting the physical activity recommendations (Central Illustration). 
Multivariable-adjusted analysis n ¼ 149,077, n events ¼ 8,689. Adjusted for age, sex, education, marital status, remoteness, body mass index, smoking, self-rated health, help for disability, psychological distress, fruit and vegetable consumption, and diabetes. CI ¼ confidence interval.
Sitting, Physical Activity, and Mortality Risk A P R I L 3 0 , 2 0 1 9 : 2 0 6 2 -7 2 sitting time reduced the risk among those who reported >8 h of sitting/day, although risks remained substantially elevated compared with the reference group, who were highly active and sat for <4 h/day (e.g., 60% and 44% higher risk in the groups with <4 h of sitting who were physically inactive and insufficiently active, respectively). Such findings suggest that in the absence of some physical activity, reducing sitting times may be insufficient for optimal health benefit.
Several prospective studies have found that the associations of sitting time with fatal or nonfatal CVD risk are dependent on MVPA levels (27) (28) (29) .
Although our interaction test was not statistically significant for CVD death, our results in their totality are broadly consistent with recent large joint (6) and stratified (22) 
Multivariable-adjusted analysis n ¼ 149,077, n events ¼ 1,644. Adjusted for age, sex, education, marital status, remoteness, body mass index, smoking, self-rated health, help for disability, psychological distress, fruit and vegetable consumption, and diabetes. CI ¼ confidence interval. Values are hazard ratio (95% confidence interval). Imputed data n ¼ 149,077, n events ¼ 8,689. *Adjusted for sex, age, educational level, marital status, urban or rural residence, body mass index, smoking status, self-rated health, fruit and vegetable consumption receiving help with daily tasks for a long-term illness or disability, prevalent diabetes at baseline, and psychological distress, and mutually adjusted for all activity classes. †Adjusted for sex, age, educational level, marital status, urban or rural residence, body mass index, smoking status, self-rated health, total fruit and vegetable consumption, receiving help with daily tasks for a long-term illness or disability, psychological distress, mutually adjusted for all activity classes, and total time in all activities classes. ‡Multiple imputation was used to replace missing time of the activity classes (based on age, sex, and non-missing other activity classes variables). Imputed data n ¼ 149,077, n events ¼ 1,644. *Adjusted for sex, age, educational level, marital status, urban or rural residence, body mass index, smoking status, self-rated health, fruit and vegetable consumption receiving help with daily tasks for a long-term illness or disability, prevalent diabetes at baseline, psychological distress, and mutually adjusted for all activity classes. †Adjusted for sex, age, educational level, marital status, urban or rural residence, body mass index, smoking status, self-rated health, total fruit and vegetable consumption, receiving help with daily tasks for a long-term illness or disability, psychological distress, mutually adjusted for all activity classes, and total time in all activities classes. ‡Multiple imputation to replace missing time of the activity classes (based on age, sex, and nonmissing other activity classes variables).
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concluded that SB influences cardiometabolic health in part independent of MVPA. Our findings also contrast the conclusions of a recent meta-analysis that reported an increased CVD hazard of 1% to 2%/h of sitting time "independent" of physical activity (24). Studies included in this review assessed independence by merely statistically adjusting for MVPA, an approach that is insufficient on its own, as it ignores evidence of effect modification (6, 22, 27, 29) . edu.au. Twitter: @M_Stamatakis.
PERSPECTIVES COMPETENCY IN MEDICAL KNOWLEDGE:
Among relatively inactive middle-aged people, the amount of time spent sitting is associated with increased risks of both cardiovascular and all-cause mortality.
TRANSLATIONAL OUTLOOK: Future research should seek to define optimum physical activity regimens to prevent cardiovascular events and premature mortality among those who spend large amounts of time sitting. Stamatakis et al.
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